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Hi.  AoaT«ACT_rg^  report  contains  data  on  laboratory  and  field  compaction  of  cohesionless 
soils  obtained  from  a  survey  of  Corps  of  Engineers  division  laboratories,  and  results 
of  different  types  of  laboratory  compaction  tests  performed  in  the  U.  S.  Army  Engineer 
Waterways  Experiment  Station  (WES)  laboratory  on  three  cohesionless  materials.  The 
tests  at  WES  were  conducted  to  study  various  laboratory  compaction  test  methods  used  for 
cohesionless  materials.  The  three  materials  tested  were  a  poorly  graded  sand  (SP),  a 
well-graded  sand  (SW),  and  a  sandy  gravel  (GW).  Impact,  Providence  vibrated  dens.ity, 
vibratory  table,  and  gyratory  compaction  test  methods  were  used.  Replicate  tests  were 
conducted  on  each  soil  to  determine  the  variations  in  maximum  dry  density  resulting  from 
different  test  methods.  Different  technicians  conducted  the  replicate  tests  in  order 
that  the  variations  in  test  results  due  to  different  techniques  could  be  determined. 
Selected  tests  were  also  conducted  on  dry  and  wct  specimens  to  determine  the  effect  of 
water  content  on  resulting  densities.  Gyratory  tests  were  conducted  using  different 
angles  of  gwation  and  different  vertical  pressures  to  determine  the  effects  of  these 
variables  .TSased  on  the  results  of  the  congjaction  tests  on  the  three  materials  used 
in  the  stud^  it  is  concluded  that  the  vibratory  table  test  method  gives  the  best 
results  ahd  the  Providence  vibrated  density  test  method  gives  results  comparatively 
close  to  those  derived  from  the  vibratory  table  test  method. 
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The  investigation  reported  herein  was  authorized  by  letter  from  the 
Office,  Chief  of  Engineers  (ENGWE),  dated  2  March  1959»  subject:  Proposed 
Civil  Works  Investigation  Program  -  lY  i960. 

The  investigation  was  initiated  during  FY  i960.  During  the  period 
FY  1959-FY  1961,  a  survey  was  made  of  Corps  division  laboratories  to  obtain 
information  concerning  current  compaction  procedures  for  cohesionless 
soils.  Laboratory  compaction  tests  were  performed  in  the  U.  S.  Army  Engi¬ 
neer  Waterways  Experiment  Station  (WES)  laboratory  on  two  soils  (a  poorly 
graded  sand  (SP),  and  a  sandy  gravel  (GW))  during  the  period  FY  I96O- 
FY  1964.  Interim  reports  of  the  test  results  were  prepared  in  FY  I963 
and  FY  1964.  Additional  laboratory  compaction  tests  were  performed  on 
a  third  soil,  a  well-graded  sand  (SW),  in  FY  I965. 

This  investigation  was  conducted  under  the  general  direction  of 
Messrs,  W.  J.  Turnbull,  W.  G.  Shockley,  A.  A.  Maxwell,  J.  R.  Compton,  and 
R.  W.  Cunny. 

Principal  engineers  conducting  the  investigation  and  analyzing 
results  were  Messrs,  R,  C.  Sloan  and  W.  E,  Strohm,  Jr,  This  report  was 
prepared  by  Messrs,  Compton  and  Strohm, 

Directors  of  the  WES  during  the  preparation  and  publication  of 
this  report  were  COL  Edmund  H.  Lang,  CE;  COL  Alex  G.  Sutton,  Jr,,  CE; 
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CONVERSION  FACTORS,  BRITISH  TO  METRIC  UNITS  OP  MEASUREMENT 


British  units  of  measurement  used  in  this  report  can  be  converted  to 
metric  units  as  follows: 


_ Multiply _ 

inches 
cubic  feet 
cubic  yards 
pounds 

pounds  per  square  inch 

pounds  per  cubic  foot 
tons 

foot-pounds 

gallons 

miles  per  hour 


By 

2.54 

0.0283168 

0.764555 

0.45359237 

0.070307 

16.0185 

907.185 

0.138255 

3.78533 

1.609344 


_ To  Obtain _ 

centimeters 
cubic  meters 
cubic  meters 
kilograms 

kilograms  per  square 
centimeter 

kilograms  per  cubic  meter 

kilograms 

meter-kilograms 

liters 

kilometers  per  hour 
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SUMMARY 


This  report  contains  data  on  laboratory  and  field  compaction  of 
cohesionless  soils  obtained  from  a  survey  of  Corps  of  Engineers  division 
laboratories,  and  results  of  different  types  of  laboratory  compaction 
tests  performed  in  the  U.  S.  Amy  Engineer  Waterways  Experiment  Station 
(WES)  laboratory  on  three  cohesionless  materials. 

The  tests  at  WES  were  conducted  to  study  various  laboratory  com¬ 
paction  test  methods  used  for  cohesionless  materials.  The  three  materials 
tested  were  a  poorly  graded  sand  (SP),  a  well-graded  sand  (SW),  and  a 
sandy  gravel  (CfW).  Impact,  Providence  vibrated  density,  vibratory  table, 
and  gyratory  compaction  test  methods  were  used. 

Replicate  tests  were  conducted  on  each  soil  to  determine  the  varia¬ 
tions  in  maximum  dry  density  resulting  from  dliferent  test  methods. 
Different  technicians  conducted  the  replicate  tests  in  order  that  the 
variations  test  results  due  to  different  techniques  could  be  determined. 
Selected  tests  were  also  conducted  on  diy  and  wet  specimens  to  determine 
the  effect  of  water  content  on  resulting  densities.  Gyratory  tests  were 
conducted  using  different  angles  of  gyration  and  different  vertical 
pressures  to  determine  the  effects  of  these  variables. 

Based  on  the  results  of  the  compaction  tests  on  the  three  materials 
used  in  the  study  it  is  concluded  that  the  vibratory  table  test  method 
gives  the  best  reproducibility  of  resvilts  and  the  modified  Providence 
vibrated  density  test  method  gives  results  comparatively  close  to  those 
derived  from  the  vibratory  table  test  method. 
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PART  I:  INTRODUCTION 

1.  Cohesionless  materials  are  used  by  the  Corps  of  Engineers  (CE) 
iii  many  of  its  projects  involving  earth  fill.  Con^jaction  requirements 
for  these  materials  are  established  by  different  types  of  laboratory 
con5)action  tests  in  the  various  CE  laboratories.  The  use  of  different 
test  methods  has  not  proved  to  be  satisfactory,  particularly  since  com¬ 
paction  in  the  field  often  produces  densities  differing  considerably 
from  those  specified  on  the  basis  of  laboratory  tests.  A  standard  lab¬ 
oratory  test  for  cohesionless  materiaJ.s  is  needed  that  vd.ll  provide  a 
realistic  basis  for  specifying  density  values  to  be  obtained  in  the  field. 

Purpose  and  Scope 

2.  The  purpose  of  the  investigation  reported  herein  was  to  study 
various  laboratory  compaction  test  methods  used  for  cohesionless  materials 
and  to  compare  selected  laboratory  and  field  densities. 

3.  This  investigation  was  conducted  in  two  parts.  One  part  involved 
performance  of  various  compaction  tests  on  three  different  cohesionless 
soils.  The  compaction  test  methods  studied  were  (a)  the  standard  effort 
impact  method  (STD);*  (b)  the  Providence  vibrated  standard  method  (PVD); 

(c)  a  modified  Providence  vibrated  method  (MPVD);  (d)  two  vibratory  table 
methods  (VT)  and  (MVT);  and  (e )  the  gyratory  coa^f^ction  method  (UC).  Ihe 
materials  used  were  a  poorly  graded  sand  (SP)  from  the  Hopkinton-Evsrett 
Project,  Hew  iiaapshlrej  a  well-graded  sand  (SW)  from  West  Thompson  Dam, 
Connecticut;  and  a  sandy  gravel  (GW)  from  Painted  ftock  Dam,  Arizona.  The 
o^er  part  of  the  study  consisted  of  a  survey  of  laboratory  conpaction 
test  eqttipsent  and  test  procedures  u^ed  in  CE  laboratories  for  cohesion¬ 
less  materials  and  conparisons  of  avadlable  field  density  test  data  with 
corresponding  laboratory  compaction  test  data,  both  from  the  WES  tests 

*  Symbols  following  tt'St  method  names  were  assigned  arbitrarily  for  con¬ 
venience  and  will  be  generally  used  hereinafter  to  identify  the  various 
test  meUiods. 
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and  from  test  data  supplied  by  the  CE  Districts. 

4.  In  this  report,  the  density  results  of  the  various  laboratory 
compaction  tests  are  con^iared  with  one  another  and  with  results  of  field 
density  tests  on  similar  materials  compacted  in  the  field. 

Background 

5.  The  investigation  reported  herein  was  initiated  in  lY  i960. 
During  IT  i960  and  IT  196I,  field  and  laboratory  compaction  data  from 
CE  divisions  were  analyzed,  and  laboratory  compaction  tests  were  per¬ 
formed  at  WES  using  the  Hopkinton-Everett  sand  (SP)  and  Painted  Rock 
sandy  gravel  (GW).  Laboratory  compaction  test  methods  used  during  these 
periods  were  the  STD,  the  PVD  and  a  modification  thereof,  and  the  VT 
method.  An  unpublished  report  of  the  results  of  the  tests  performed  in 
IT  i960  and  IT  I96I  was  prepared  in  IT  I962.  In  IT  1963,  GC  tests  were 
performed  on  the  sand  (SP)  and  sandy  gravel  (GW),  and  an  unpublished 
report  of  the  results  of  these  tests  was  prepared  in  IT  1964,  In  IT  1965> 
laboratory  compaction  tests  were  performed  on  a  third  material,  a  well- 
graded  sand  (SW)  from  West  ThoB5)son  Dam,  having  a  gradation  intermediate 
between  that  of  the  sand  (SP)  and  sandy  gravel  (GW).  The  compaction 
test  methods  used  on  this  material  were  the  MPVD,  the  MVT,  and  the  GC 
methods.*  MVT  tests  and  additional  GC  tests  were  also  performed  on  the 
sand  (SP)  and  the  sand;’  gravel  (GW)  to  provide  more  complete  data. 


*  Procedures  for  the  MPVD  and  MVT!  methods  are  now  outlined  in  "Appendix 
XII;  Relative  Density"  in  "Laboratory  Soils  Testing,"  EM  1110-2-1906, 
10  May  3.965 »  Headquarters,  Department  of  the  Army,  Washington,  D.  C. 
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PART  II:  WES  LABORATOHI  IMVESTIGATION 


Materials  Tested 

6.  Three  cohesionless  loaterials  were  used  in  the  WES  laboratory 
investigation.  One  was  a  uniform,  medium  to  fine  semd  (SP)  i*umished  by 
the  New  England  Division  from  borrow  area  D,  Hopkinton-Everett  Dam, 
Hbpkinton,  New  Hampshire.  !nie  borrow  area  was  in  a  glacial  outwash  de¬ 
posit.  Qhe  second  material  was  a  sandy  gravel  (GW)  furnished  by  the 
Los  Angeles  District  from  the  pervious  borrow  area  of  Painted  Rock  Dam, 
Gila  Bend,  Arizona.  The  borrow  area  was  in  the  streambed  of  the  Gila 
River,  and  the  larger  particles  tadien  from  the  area  were  rounded  to  sub¬ 
rounded  in  shape.  The  third  material  was  a  well-graded  sand  (SW)  fur¬ 
nished  by  the  New  England  Division  from  a  pervious  borrow  eirea  (borrow 
area  C)  of  West  Thon^Json  Dam,  Thongjson,  Connecticut.  The  borrow  area 
was  in  an  alluvial  terrace  deposit  along  the  Quicebaug  River.  The  sand 
(SW)  was  selected  to  provide  a  gradation  intermediate  between  the  grada¬ 
tions  of  the  other  two  materials.  The  gradation  curves  for  the  three' 
soils  are  shown  by  numbered  lines  in  fig.  1. 

Hopkinton-Everett  sand  (SP) 

7.  The  sand  from  the  Hopkinton-Everett 'Project  had  a  maximum 
particle  size  of  about  3/8  in.,*  with  less  than  1  percent' of  plus  No.  k  - 
material.  Because  of  the  small  amount  of  plus  No.  4  material  and  the 
necessity  for  all  conipaction  specimens  of  this  sand  to  have  the  same 
gradation,  the  sand  was  screened  on  a  No.  4  sieve,  and  the  minus  No.  4 
material  was  used  in  the  laboratory  tests.  The  gradation  of  the  minus 
No.  4  material  was  as  follows: 


Sieve  No. 

Percent  Passing 

4 

100,0 

1C 

97;6 

4o 

72.6 

200 

3.4 

*  A  tab4.e  of  factors  for  converting  British  units  of  measurement  to  metric 
units  is  presented  on  page  vil. 
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Gradation  curves  jf  materials  used  in  WES  compaction  tests 


Painted  Rock  sandy  gravel  (GW) 

8.  The  sandy  gravel  from  Painted  Rock  Dam  had  a  maximum  peirticle 
size  of  about  4  in.,  with  about  68  percent  of  plus  No.  U  material.  In 
order  to  produce  compaction  specimens  of  as  nearly  identical  gradation 
as  possible,  the  sandy  gravel  was  sieved  into  the  following  fractions: 


Passing  Retained  on 


2-1/2  in. 

1-1/2  in. 

1-1/2  in. 

1  in. 

1  in. 

3/4  in. 

3/4  in. 

1/2  in. 

1/2  in. 

3/8  in. 

3/8  in. 

1/4  in. 

1/4  in. 

No.  3 

No.  3 

No.  4 

No.  4 

The  separate  fractions  were  then  recombined  in  proper  proportions  as 
samples  were  needed  for  the  compaction  tests.  Impact  and  gyratory  com¬ 
paction  tests  were  performed  on  samples  of  the  sanoy  gravel  having  a 
maximum  particle  size  of  3 A  in.  with  replacement  of  the  plus  3A-in. 
material  by  an  equal  amount  of  material  passing  the  3A-in.  sieve  and 
retained  on  the  No.  4  sieve  (see  broken  gradation  curve  1  in  fig.  l); 
other  compaction  tests  (PVD  and  VT)  were  performed  on  samples  having  a 
maximum  particle  size  of  2-1/2  in.  (see  solid-line  gradation  curve  1 
in  fig.  l).  Where  materials  have  more  than  10  percent  of  plus  2-l/2-in. 
material,  the  customary  procedure  in  the  PVD  test  is  to  replace  the 
plus  2-l/2-ln.  material  with  an  eqvial  weight  of  material  passing  the 
2-l/2-in.  sieve  and  retained  on  the  1-in.  sieve.  Since  the  sandy  gravel 
tested  had  only  a  few  percent  of  plus  2-l/2-in.  material,  the  PVD  tests 
were  performed  on  the  minus  2-l/2-ln.  fraction  without  replacement.  This 
materiel  was  also  used  in  the  VT  tests. 

West  Thompson  sand  (SW) 

9>  The  sand  (SW)  from  West  Thonpson  Dam  had  a  maximum  particle 
size  of  3/4  in.  and  1^  percent  of  plus  No.  4  material.  The  sand  was  re¬ 
ceived  in  bags,  and  gradation  tests  on  representative  specimens  from  each 
of  six  bags  selected  at  random  Indicated  a  maximum  variation  in  gradation 
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of  only  about  5  percent;  it  was  therefore  concluded  that  the  sand  In  all 
bags  was  essentially  of  the  same  gradation.  To  ensure  that  material  for 
each  compaction  specimen  had  as  nearly  identical  gradation  as  possible, 
the  specimens  were  prepared  by  recombining  the  following  fractions  in  the 
percentages  shown  below: 


Passing 

Retained  on 

Percent 

3/4  in. 

No.  4 

15 

No.  4 

No.  10 

13 

No.  10 

No.  20 

16 

No.  20 

No.  40 

32 

No.  40 

No.  200 

24 

No.  200 

— 

0 

Total 

100 

Test  Apparatus  and  Procedures 

10.  Data  on  the  conpaction  apparatus  and  procedures  used  are  sum¬ 
marized  in  table  1.  Fig.  2  shows  some  of  the  compaction  test  apparatus 
used  in  the  tests,  A  schematic  diagram  of  the  Providence  apparatus  is 
shown  in  fig.  3*  The  apparatus  for  the  modified  Providence  and  modified 
vibratory  table  methods  are  illustrated  in  Appendix  XII,  ’’Relative 
Density,"  EM  1110-2-1906,*  but  are  not  shown  in  this  report.  The  gyra¬ 
tory  compaction  apparatus  is  shown  in  figs.  4  Md  5.  The  procedures  used 
in  conducting  the  tests  are  briefly  described  in  the  following  paragraphs. 
STD  teats 

11.  STD  tests  were  performed  on  the  sand  (SP)  and  the  sandy  gravel 
(gw)  as  shown  in  table  1.  Molds  of  both  4-  and  6- in.  inside  diameter  were 
used  in  compacting  the  sand  to  check  possible  effects  of  mold  size  on 
density  and  optimum  water  content.  The  ^.^-Ib  rammer  was  used  as  the 
standard  rammer  for  compaction  tests  on  the  sand  (SP)  and  sandy  gravel 
(GW);  supplemented  teats  using  a  10-lb  rammer  were  performed  on  the  sandy 
gravel.  Essentially  the  same  compaction  effort  was  used  in  all  impact 
tests;  the  effort  was  equivalent  to  that  of  the  STD  test  (12,400  ft-lb 

*  Headquarters,  Department  cf  the  Army,  "Laboratory  Soils  Testing," 

EM  m0-2-1906,  10  May  1965,  Washington,  D.  C. 
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Fig.  3*  Sketch  of  Providence  vibrated  densi'^  apparatus 
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Fig.  3.  Diagram  Illustrating  basic  nlenents  of  gyratory  conpactor 


per  cu  ft).  The  inqpact  tests  were  performed  on  samples  at  various  water 
contents  to  determine  the  maximum  density  at  optimum  water  content.  Tests 
were  also  performed  on  ovendry  material. 

PVD  tests 

12.  The  PVD  test  Is  performed  on  materials  having  maximum  particle 
sizes  up  to  2-I/2  In.  The  FVD  apparatus  (fig.  3)  consists  of  a  heavy 
steel  cylinder  with  a  yoke  and  spring  assembly.  About  12  lb  of  ovendry 
soil  is  placed  in  the  mold  at  one  time)  and  a  1000-lb,  spring-loaded  sur¬ 
charge  Is  applied  by  turning  the  handle  as  fctr  as  possible  by  hand  to  keep 
the  spring  at  full  deflection.^  The  side  of  the  mold  is  then  struck 
forcefully  with  a  2-l/2-lb  ball  peen  hammer  at  the  rate  of  about  40  blows 
per  minute.  !nie  blows  are  spaced  evenly  around  the  mold  over  the  area 
adjacent  to  the  soil.  Striking  Is  continued,  keeping  the  spring  in  com¬ 
pression  until  no  additional  settlement  of  the  measuring  rod  Is  observed. 
The  height  of  the  coii^>acted  sample  Is  then  measured,  and  the  dry  density 
is  computed. 

MFVD  test 

13.  In  the  MPVD  test,  vdiich  was  performed  on  ovendry  sanples  of 
the  sands  and  sandy  gravel,  the  FVD  equipment  and  procedure  described 
In  paragraph  12  were  used  except  that  a  36 .^'Ib  static  surcharge,  pro¬ 
viding  a  pressure  equivalent  to  1.0  psi,  was  substituted  for  the  spring- 
loaded  surcharge.  This  modified  test  Is  the  one  now  outlined  in  Appen¬ 
dix  XII,  EM  1110-2-1906.* ** 

VT  tests 

Ih.  The  apparatus  used  In  the  VT  tests  consisted  of  a  20-  by  20-in. 
platform  mounted  with  rubber  cushions  to  a  steel-frame  stand.  A  rheostat- 
controlled  vibrating  element  operating  on  110  volts  was  secured  to  the 
bottom  of  the  platform  at  the  centerj  it  vibrated  v^rvlcaily  at  36OO 
vibrations/mln.  The  rheostat  controlled  the  power  delivered  to  the 
vibrating  element,  allowing  control  of  the  amplitude.  The  recosnended 
ct^city  of  the  machine  was  300  lb.  The  amplitude  of  vibration  with 

*  The  possibility  exists  that  tdieu  the  spring  is  compressed  by  hand 
cranking,  the  applied  load  may  be  greater  or  less  than  1000  lb. 

**  Headquarters ,  Department  of  the  Army,  op.  cit.,  p  6. 
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the  rheostat  set  at  maximum  power  was  measured  with  an  electrical 
potentiometer  and  recorder  with  various  lead  weights  and  with  the  12.25- 
or  6-in.-diara  molds  filled  with  soil  and  fastened  rigidly  to  the  platform, 
ihe  total  weight  of  the  12. 25-in. -diam  mold  filled  with  semdy  gravel  (GW) 
and  spring  loaded  was  about  158  lb,  and  maximum  amplitude  obtainable  was 
0.003  in.  The  total  weight  of  the  6- in. -diam  mold  filled  with  sand  (SF) 
and  loaded  with  a  28-lb  svircharge  was  about  66  lb,  and  the  maximum 
amplitude  obtainable  was  0.013  in.;  with  no  weight  on  the  vibrating 
table,  the  maximum  amplitude  was  0.043  in. 

15 .  Ovendry  samples  of  the  sand  ( SP)  were  compacted  by  vibration 
in  the  6- in. -diam  by  7-in. -deep  mold  secured  to  the  platform  by  a  collar 
and  bolts.  A  hand  scoop  was  used  to  place  the  soil  in  the  molds  in  a 
single  operation.  A  static  surcharge  of  1.0  psi  was  applied  prior  to 
vibration.  Ovendry  samples  of  the  sandy  gravel  (GW)  were  compacted  by 
vibration  in  the  12.25-in .-diam  by  12-in. -deep  mold,  irtiich  was  secured 
to  the  vibrating  platform  like  the  smaller  mold.  A  surcharge  spring 
load  of  1.0  psi  was  applied  to  the  top  of  the  soil  prior  to  vibration. 

Hie  vibration  time  for  both  materials  was  varied  from  8  to  20  min;  no 
significant  additional  settlement  was  noted  after  8  min  of  vibration. 

MVT  tests 

16.  The  MVT  apparatus  is  similar  to  that  described  above,  except 
that  the  vibratory  table  and  vibrator  are  heavier,  and  greater  amplitudes 
are  produced.  The  frequency  of  this  electromagnetic  vibrator  type  ap¬ 
paratus  is  3600  vibrations/min,  and  for  the  11-in. -diam  mold  filled  with 
soil  and  loaded  with  the  static  surcharge,  the  amplitude  was  approximately 
0.02  in.  A  source  of  two-phase,  230-volt  alternating  current  is  required 
for  the  vibrator.  Maximum  density  tests  on  the  ovendry  sands  were  per¬ 
formed  using  a  O.l-cu-ft  mold  (6  in.  diam),  Bind  tests  on  tne  sandy  gravel 
(2-l/2-in.  maximum  particle  size)  were  performed  using  a  0.5-cu-ft  mold 
(11  in.  diam).  The  test  procedures  used  were  those  now  outlined  in 
Appendix  XTI,  EM  IIIO-2-1906.* 


♦  Ibid. 
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GC  tests* 


17.  The  gyratory  compactor  used  in  this  investigation  was  the  first 
one  designed  and  constructed  at  WES  modified  to  accommodate  a  6-in.-diam 
specimen.  The  gyratory  compactor  is  shown  in  fig.  4.  Later  models  in¬ 
corporate  refinements  found  lacking  in  this  pilot  model,  hut  the  com¬ 
paction  principle  has  remained  unchanged. 

18.  Fig.  5  Illustrates  the  principal  features  of  the  gyratory  com¬ 
pactor.  A  6-in.-diam  mold  containing  a  known  weight  of  ovendry  material 
to  be  con5)acted  is  clamped  in  position  in  the  mold  chuck,  and  a  gyratory 
motion  is  generated  by  rotation  of  the  roller  assemblies  on  the  upper 
flange  of  the  chuck.  The  number  of  revolutions  can  be  varied  as  desired.** 
Elevation  of  the  roller  assemblies  can  also  be  varied,  thereby  varying  the 
angle  at  which  the  gyratory  motion  is  applied.  A  verticeLL  pressure  is  ap¬ 
plied  to  i.he  soil  speciren  throughout  the  test  by  a  hydraulic  ram  acting  on 
the  specimen  base  plate.  The  surfaces  of  the  movable  head  and  base  plate 
stay  poriLLlel  to  each  other  and  perpendicular  to  the  axis  about  which  the 
rollers  rotate.  15ie  movable  head  bears  against  rollers  that  allow  the  plate 
to  move  horizontally  and  the  top  of  the  mold  to  move  in  a  circular  motion. 

19.  The  change  in  height  of  the  specimen  is  measured  throughout  the 
test  by  a  dial  gage  attached  to  the  column  in  contact  with  the  specimen 
base  plate  in  such  a  manner  that  the  vertical  movement  of  the  base  plate  is 
measured  with  reference  to  the  rigid  frame  of  the  machine.  The  dial  gage 
used  was  one  with  2-1  .  travel.  Prior  to  the  actual  tests,  a  steel  cylin¬ 
drical  block  exactly  4.5  in.  high  is  placed  between  the  movable  head  and 
mold  base  plate  within  the  mold.  After  pressure  has  been  applied  to  the 
mold  base  plate  to  ensure  firm  contact  of  the  plates  with  the  steel 
cylinder,  the  dial  gage  is  read.  The  change  in  gage  reading  is  then  sub¬ 
tracted  from  4.5  to  give  the  height  of  the  specimen  after  compaction. 

With  the  height,  weight,  ana  crosa-sectional  area  of  the  specimen  known, 
the  unit  weight  of  the  coii5)acted  specimen  can  then  be  computed. 

*  J.  L.  McRae,  "Feaisibility  Study  of  the  Gyratory  Machine  for  Testing 
Soils,"  Miscellaneous  Paper  No.  3-474,  Feb  I962,  U.  S.  Amy  Engineer 
Waterways  Experiment  Station,  CE,  Vicksburg,  Miss. 

*♦  The  GC  tests  repoj*ted  herein  were  carried  out  tc  the  point  at  which 
the  last  ICX)  revolutions  caused  less  than  1-pcf  increase  in  density. 
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Test  Results 


Hopkinton-Everett  sand  (SP) 

20.  Tests  other  than  QC.  The  results  of  all  tests  performed  on 
the  Hopkinton-Everett  sand  (SP)  except  the  GC  tests  are  shown  in  table  2. 
Density  values  are  further  summarized  in  table  4.  It  can  be  seen  in 
table  4  that  higher  densities  (by  3-8  pcf  on  the  average)  were  achieved 
in  the  STD  tests  when  the  material  was  compacted  dry  than  when  it  was 
compacted  at  optimum  water  content.  Compaction  curves  for  the  STD  tests 
are  shown  in  fig.  6.  These  curves  indicate  very  close  agreement  in  den¬ 
sities  obtained  in  the  STD  tests  conducted  by  different  operators  when  the 
sand  was  compacted  at  optimum  water  content.  Gradation  tests  performed 
after  impact  compaction  with  the  5- 5-lb  rammer  showed  less  than  1  percent 
increase  in  the  amount  of  material  passing  any  one  sieve,  indicating  that 
particle  degradation  was  probably  minor  (see  fig.  ?)• 

21.  Tne  MPVD  method  produced  an  average  density  about  4  pcf  higher 
than  that  obtained  with  the  original  PVD  method.  Also,  density  variations 
between  different  technicians  were  slightly  greater  with  the  MPVD  method 
than  with  the  PVD  method  (1.6  versus  1.2  pcf).  Similarly,  the  average 
density  obtained  using  the  MVT  method  was  2.8  pcf  higher  than  that  ob¬ 
tained  using  the  VT  method  (paragraph  l4),  with  slightly  more  variation 

in  density  values  obtained  by  tne  various  technicians  than  when  using 
the  VT  method. 

22.  GC  tests .  Twenty- two  GC  tests  were  conducted  on  the  sand  (SP) 
prepared  at  thr'  different  initial  water  contents:  (a)  essentially  oven- 
iry,  (b)  about  7  percent,  and  (c)  about  15  percent  (free  water  was  noted 
in  every  test  on  these  specimens).  Vertical  pressures  of  30,  60,  and 

100  psi  and  angles  of  gyration  of  l/2,  1,  and  2  deg  were  used.  Those 
densities  of  the  specimens  at  which  the  next  100  revolutions  produced 
only  about  1-pcf  increase  were  used  for  comparing  results  of  the  various 
tests.  Plots  of  density  versus  nuniber  of  revolutions  for  all  tests  except 
those  with  l/2-deg  angle  of  gyration  are  shown  in  fig.  8.  The  test  con¬ 
ditions  and  density  results  are  summarized  in  table  3» 

23.  Comparison  of  results  of  five  sets  of  mechanical  analysis  tests 
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Fig.  7.  Effect  of  compaction  on  gradation, 
Hopkinton-Everett  sand  (SP) 
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Gyratory  con^jaction  curves,  Hopkinton-Everett  sand  (SP) 


conducted  before  and  after  gyratory  compaction  indicated  that  no  signifi¬ 
cant  degradation  of  particles  occurred  during  the  tests  (see  fig.  7)-  The 
small  variations  in  percent  passing  any  one  screen  appeared  to  be  random 
scatter. 

24.  As  can  be  seen  in  fig,  8,  the  density  of  specimens  compacted 
using  an  angle  of  gyration  of  1  deg  under  a  pressure  of  60  psi  was  rela¬ 
tively  insensitive  to  change  in  water  content.  On  the  other  hand,  under 
the  low  vertical  pressure  of  30  psi,  the  density  (103-6  pcf)  at  the  inter¬ 
mediate  water  content  was  substantially  lower  than  those  of  the  dry  and 
wet  material  (107.9  and  108.1  pcf,  respectively). 

25-  Tests  by  different  operators  and  repeated  tests  by  the  same 
operator  indicated  excellent  reproducibility  of  results,  the  greatest 
variation  being  3-2  pcf  for  tests  using  1-deg  gyratory  angle  and  100-psi 
vertical  pressure  ( see  table  4) .  The  densities  obtained  on  dry  specimens 
using  various  angles  of  gyration  and  two  vertical  pressures  can  be  readily 
compared  in  table  4.  The  highest  densities  were  obtained  on  dry  material 
using  2-deg  gyratory  angle  and  60-psi  vertical  pressure;  these  densities 
averaged  115.0  pcf  or  6.2  pcf  higher  than  the  average  density  obtained 
using  a  l/2-da§  angle  and  60-psi  pressure.  However,  if  a  2-deg  gyratory 
angle  and  100-psi  pressure  had  been  used,  even  higher  densities  might  have 
been  obtained. 

26.  Summary.  The  differences  in  densities  obtained  by  three  dif¬ 
ferent  operators  ranged  from  0.3  pcf  (in  the  MVT  test)  to  I.9  pcf  (in  the 
STD  tests  on  dry  material).  Except  for  these  latter  tests,  the  differences 
were  generally  about  1  percent  of  the  average  or  less.  Highest  densities 
were  obtained  in  the  MPVD  test  (average  117.2  pcf),  followed  closely  by 
the  NT/T  test  (average  115.5  pcf)  and  the  GC  test  with  2-deg  gyratory  suigle 
and  60-psi  vertical  pressure  (average  115.0  pcf).  Densities  of  other 
tests  ranged  down  as  low  as  107.2  pcf. 

West  Thompson  sand  (SW) 

27.  Three  MPVD  tests,  three  MVT  tests,  and  nine  GC  tests  were  per¬ 
formed  on  the  West  Thompson  sand  (SW)  to  provide  additional  information 
on  a  gradation  intermediate  between  the  Hopkinton-Everett  sand  (SP)  aind 
the  Painted  Rock  seuidy  gravel  (GW).  The  GC  tests  were  performed  under  a 
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vertical  pressure  of  60  psi  at  gyratory  angles  of  l/2,  1,  and  2  deg.  ITie 
three  tests  at  each  angle  of  gyration  were  performed  by  different 
operators . 

28.  The  test  data  for  all  laboratory  compaction  tests  on  the  West 
Thompson  sand  are  summarized  in  table  5«  A  siunmary  of  the  densities  for 
all  tests  is  shown  in  table  6.  The  GC  test  curves  are  shown  in  fig.  9- 
From  table  6  it  can  be  noted  that  equally  high  average  densities  were 
obtained  from  the  MFVD  method,  MVT  method,  and  GC  method  (at  a  gyratory 
angle  of  2  deg  under  a  vertical  pressure  of  60  psi).  The  least  variation 
in  density  (0.6  pcf)  for  three  tests  by  different  operators  was  obtained 
in  the  M7T  test,  and  the  greatest  variation  (3.^  pcf)  was  obtained  in  the 
MPVI)  test. 

Painted  Rock  sandy  gravel  (GW) 

29.  Tests  other  than  GC.  Results  of  compaction  tests  performed  on 

the  sandy  gravel  are  summarized  in  table  7,  and  densities  obtained  are 

summarized  in  table  9*  Ten  STD  tests,  five  PVD  tests,  four  MPVD  tests, 
eight  VT  tests,  and  three  MVT  tests  were  performed. 

30.  Seven  of  the  STD  tests  were  performed  using  a  10-lb  rammer, 
and  three  were  performed  using  a  5«5-lh  rammer.  The  compaction  curves 
for  these  tests  are  shown  in  fig.  10. 

31.  Gradation  tests  conducted  on  samples  from  one  impact  compaction 

test  after  conpaction  to  determine  the  extent  of  particle  degradation  in¬ 
dicated  that  the  apparent  increase  in  material  passing  any  one  sieve  size 

did  not  exceed  1  percent  of  the  total  sample  by  weight  (see  fig.  ll). 

Here,  as  in  similar  comparisons  for  Hopkinton-Everett  sand  (see  fig.  7)> 
random  scatter  was  evidenced  by  the  data. 

32.  For  the  three  tests  using  the  10-lb  rammer,  the  average  of  the 
maximum  densities  was  I36.O  pcf,  and  the  greatest  difference  between 
maximum  densities  for  individual  tests  was  1.1  pcf.  All  of  these  tests 
were  performed  by  the  same  operator.  Tlie  optimum  water  content  for  the 
impact  tests  using  the  lO-lb  rammer  was  8.0  percent  without  variation. 

The  impact  test  on  the  ovendry  sample  produced  a  density  of  126.0  pcf, 
about  8  to  9  pcf  less  than  the  maximum  densities  obtained  at  optimum 
water  content  of  8.0  percent. 
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SIEVE  SIZE 


33.  The  impact  conqjaction  tests  on  the  sandy  gravel  using  the 
5.5-lb  rammer  produced  an  average  maximum  density  of  131.8  pcf,  or  about 
3  pcf  less  than  the  average  maximum  density  obtained  using  the  10-lb 
rammer,  even  though  the  same  total  energy  was  used.  The  optimum  water 
content  for  tests  with  the  5.5-lb  rammer  was  6.h  percent.  The  greatest 
difference  between  maximum  densities  for  individual  tests  with  the  5.5-lb 
rammer  was  0.8  pcf;  these  tests  were  performed  by  three  different 
operators . 

34.  The  densities  obtained  on  ovendry  material  having  a  maximum 
particle  size  of  2-l/2  in.  averaged  133.7  pcf  in  the  five  PVI)  tests,  with 
a  maximum  difference  of  8.1  pcf  for  individual  tests.  The  first  three 
PVD  densities  shown  in  table  7  axe  listed  in  the  order  in  which  the  tests 
were  performed  by  the  same  technicisin.  Although  new  materisil  was  used  for 
each  sanqple,  the  density  increased  each  time,  with  the  maximum  difference 
being  5.^  pcf,  which  is  about  the  same  as  the  maximum  difference  for  the 
tests  performed  by  different  technicians.  The  average  density  for  the 
four  MPVD  tests  was  137.8  pcf,  with  a  maximum  difference  in  density  be¬ 
tween  individual  tests  of  U.O  pcf.  Each  test  was  performed  by  a  different 
operator . 

35.  VT  tests  were  performed  on  ovendry  samples  of  the  minus  2-1/2- 
in.  material  using  a  12,25-in .-diam  mold.  Preliminary  tests  showed  that 
great  care  had  to  be  talien  to  prevent  segregation  in  placing  this  material 
in  the  mold.  Otherwise,  the  densities  obtained  were  low  and  could  not  be 
duplicated.  Vibration  times  ranged  from  8  to  15  min. 

36.  Samples  of  the  well-graded  sandy  gravel  were  prepared  by  placing 
the  required  weight  of  each  fraction  in  a  pan.  Since  the  particle  sizes 
ranged  up  to  2-1/2  in.,  it  was  found  that  segregation  would  occur  during 
placement  in  the  mold,  unless  the  prepared  sample  was  spread  out  in  a  thin 
layei  in  the  pan  with  the  larger  particle  sizes  uniformly  distributed,  and 
care  was  taken  to  ensure  that  each  scoop  placed  in  the  mold  contained  a 
uniform  mixture  of  all  particle  sizes.  Initial  vibratory  tests  performed 
on  material  not  placed  as  described  gave  maximum  densities  averaging  about 
10  pcf  less  than  those  for  carefully  placed  mater lad. . 

37-  The  three  MVT  tests  conducted  by  different  operators  produced 
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densities  that  ranged  from  131-9  to  136.I  pcf  and  averaged  133.7  pcf. 
Con5)arison  in  table  7  of  the  densities  obta'.ied  for  the  five  compaction 
methods  (other  them  the  gyratory)  used  on  the  sandy  gravel  indicates  that 
the  most  consistent  results  were  obtained  with  the  STD  method.  The  least 
consistent  results  were  obtained  with  the  FVD  method,  in  which  the  maxi¬ 
mum  difference  between  individual  densities  was  about  8  pcf,  and  there 
were  large  variations  in  results  of  tests  conducted  by  the  same  operator. 
There  were  also  large  differences  in  results  of  the  MPVD  and  MVT  tests, 
though  only  about  half  of  that  for  the  PVD  test. 

38.  GC  tests.  The  GC  tests  were  performed  on  the  minus  SA-in* 
portion  of  the  sandy  gravel  (GW),  with  the  plus  3A“i>"'*  fraction  replaced 
by  an  equal  amount  of  material  passing  the  sA-in.  sieve  eind  retained  on 
the  Nc.  4  sieve.  The  gradation  curve  for  the  material  tested  corresponded 
very  closely  with  that  used  .in  the  SiD  tests,  as  shown  in  fig.  1. 

39.  Twenty  tests  were  conducted  on  material  prepsured  at  three  dif¬ 
ferent  initial  water  contents;  (a)  about  ovendTj*-,  (b)  4  percent,  and 

( c )  about  8  percent  ( corresponding  to  optimum  water  content  for  STD  com¬ 
paction).  The  tests  were  conducted  at  vertical  pressures  of  30,  60,  and 
100  psl  and  angles  of  gyration  of  l/2,  1,  and  2  deg.  A  number  of  tests 
with  the  seune  testing  conditions  were  performed  by  different  technicisuis 
to  determine  the  effect  that  using  different  operators  would  have  on  the 
test  results. 

40.  Curves  of  dry  density  versr.s  number  of  gyratory  revolutions  for 
tests  on  the  sandy  gravel  are  shown  in  fig.  12.  A  sunanary  of  the  gyratory 
test  results  is  given  In  table  8_-  and  densities  are  further  sumroarizi  '  in 
table  9.  Water  contents  determined  after  the  tests  were  about  0,  4,  and 

7  percent  of  dry  weight  for  the  three  different  water  content  groups 
(free  water  wa.**  noted  in  every  case  for  the  wetter  group  of  specimens). 

41.  Fig.  13a  dc.T>Dnstrates  the  effect  of  water  content  and  vertical 
pressure  upon  compacted  density  in  tests  conducted  by  the  same  technician 
using  an  angle  of  gyration  of  1  deg.  The  compacted  density  is  shown  to 
ue  greatlj'  influenced  by  the  water  content,  increasing  on  an  average  from 

8  to  10  pcf  from  the  dry  to  the  wettest  condition.  There  were  only  small 
differences  in  densities  obtained  in  tests  in  the  same  water  content  group 


Fig,  12.  Gyratory  conpaction  curves.  Painted  Rock  sandy  gravel  (GVO 


St.ET  OF  6VFATI ON,  DEGREES  FINAL 


b.  EFFECT  OF  ANGLE  STRAflON  AND  VERTICAL  PRESSURE 

A 

NOTE'  ALL  TESTS  BY  OPERATOR  EXCEPT  THOSE  NOTED  AS  "Sop", 
kVH/CH  ARE  AVERAGES  OF  TESTS  BT  3  OPERATORS 

Fig.  13.  Effects  of  various  factors  on  densities  in  gj'ratory 
compaction  tests.  Painted  Rock  sandy  gravel  (GW) 
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for  the  30-  and  60-psi  pressures  using  en  angle  of  gyration  of  1  deg.  The 
greatest  difference  was  l.U  pcf  for  the  dry  specimens,  and  the  average 
difference  was  only  0.4  pcf.  On  the  other  hand,  the  tests  using  100-psi 
pressure  showed  considerably  higher  densities  than  those  using  lower 
pressures,  avei'aging  3  pcf  higher.  Thus,  while  the  GO  test  density  for 
this  material  appears  to  be  affected  most  by  water  content,  vertical 
pressure  and  angle  of  gyration  are  also  iiiiportant  factors  (fig.  13b). 

42.  The  resultirxg  densities  for  tests  on  the  dry  specimens  con¬ 
ducted  with  a  vertical  pressure  of  60  psi  by  different  operators  were 
witnin  1  pcf  for  an  angle  of  gyration  of  l/2  deg,  id^dle  for  2  deg,  the 
difference  in  densities  amounted  to  2.7  pcf. 

43.  Varying  the  amgle  of  gyration  had  a  large  effect  on  the  com¬ 
pacted  densities  of  the  sandy  gravel.  Fig.  13b  shews  that  increasing  the 
angle  of  gyration  from  1  to  2  deg  resulted  in  a  density  increase  of  about 
7  pcf  for  the  dry  condition  wider  vertical  pressures  of  60  and  100  psi, 
and  about  the  same  for  the  6  percent  v?  condition  under  100  psi.  The  ef¬ 
fect  of  reducing  the  angle  of  gyration  from  1  to  1/2  deg  was  not  clearly 
defined  in  the  tests,  as  the  dry  material  increased  about  2  pcf  in  density 
under  a  vertical  pressure  of  60  psi,  and  the  wettest  material  decreased 
about  8  pcf  vinder  a  vertical  pressure  of  100  psi. 

44.  Five  pairs  cf  gradation  tests  were  conducted  on  the  material 
before  and  after  compaction  (see  fig.  ll).  After  compaction,  the  percent 
of  material  passing  was  generally  1  to  2  percentage  points  more  than  that 
befo'  coranaction.  While  random  scatter  can  be  expected  in  replicate 
tests  on  the  same  material,  the  consistent  trend  of  the  data  suggests 
there  was  a  sliglit  amount  of  degradation  of  particles  during  gyratory 
conqiaction,  but  it  was  so  small  that  it  had  no  practical  significance. 

45.  Summary.  As  shown  in  table  9>  the  highest  densities  using 
minus  2-l/2-in.  material  were  obtained  in  the  MF/D  and  the  VT  tests 
(137.8  and  138.5  pof,  respectively).  The  average  density  obtained  in  the 
MVT  test  was  133*7  pcf,  about  4  pcf  lower.  Densities  ranging  from  98.2  to 
99*0  percent  of  MPVD  density  were  obtained  on  minus  3/4-in.  material  with 
replacement  in  the  STD  tests  using  the  10-lb  rammer  on  material  at  optimum 
water  content,  and  in  two  GC  tests  using  100-psi  pressure  (one  with 
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ovendry  material  and  using  a  2-deg  gyratory  angle,  and  one  at  6.6  percent 
water  content  and  using  1-deg  gyratory  angle). 

46.  The  least  variation  in  densities  with  different  operators  was 
obtained  using  minus  3/4-in.  material  with  replacement  in  two  of  three 
sets  of  GC  tests  and  in  the  STD  tests  (0.4  to  1.1  pcf).  The  greatest 
variation  using  minus  2-l/2-in.  material  was  in  the  PVD  test  (8.1  pcf). 
Variation  in  densities  of  MPVD  and  MVT  tests  conducted  by  different  op¬ 
erators  was  about  4  pcf.  The  differences  in  results  for  the  materials 
with  different  maximum  particle  sizes  reflect  the  difficulty  of  prepsu:ing 
uniform  specimens  with  the  material  having  particles  up  to  2-1/2  in.,  as 
discussed  in  paragraph  36. 

Summary  of  test  results 

47.  Fig.  l4  shows  the  range  of  densities  and  average  density  ob¬ 
tained  through  use  of  the  principal  test  methods  on  the  three  soils.  The 
MFVD  test  generally  produced  the  highest  densities  for  all  three  soils, 
although  these  densities  are  sometimes  equaled  or  slightly  exceeded  on  a 
given  soil  using  other  test  methods.  The  MVT  and  the  GC  tests  gave  den¬ 
sities  for  the  three  soils  that  average  about  9^  percent  of  the  MPVD 
results.  Also,  the  MVT  and  GC  tests  showed  less  spread  of  results  than 
the  MPVD  tests.  The  STD  test  using  the  standard  5 •5-lb  rammer  gave  low 
density  values  for  the  two  soils  tested  (SP  and  GW),  but  a  density  value 
of  98*6  percent  of  MPVD  when  a  10-lb  rammer  was  used.  The  STD  tests  on 
wet  material  did,  however,  consistently  show  a  much  smaller  range  of 
densities  than  any  other  tests. 
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PART  III:  COMPARISON  OF  FIELD  AND  LABORATORY  COMPACTION  DATA 


Survey  of  CE  Offices 

48,  The  Divisions  and  Districts  of  the  Coi-ps  of  Engineers  were 
surveyed  during  FY  i960  to  determine  their  construction  experience  with 
cohesionle.'s  materials,  including  the  types  of  laboratory  coirpaction  tests 
used,  field  compaction  procedures,  and  methods  used  in  field  density  con¬ 
trol  testing.  Data  received  on  37  soils  are  presented  in  table  10.  Data 
from  a  number  of  other  projects  were  received,  but  these  are  not  included 
for  a  number  of  reasons,  but  primarily  because  gradation  data  for  estab¬ 
lishing  the  similarity  of  field  materials  with  laboratory  samples  were 
not  included.  In  25  of  the  37  items  listed  in  table  10,  the  individual 
laboratorj'-  results  could  not  be  paired  with  the  individual  field  test 
results  on  the  same  soils.  The  percent  compaction  values  shown  in  the 
tabJ.e  for  these  soils  were  arbitrarily  computed  by  comparing  the  lowest 
field  value  to  the  lowest  laboratorj'  value  reported  and  the  highest  field 
value  to  the  highest  laboratory  value  reported.  Furthermore,  in  some 
instances  the  laboratory  compaction  tests  were  conducted  on  specimens  from 
which  significant  portions  of  large  particles  had  been  scalped;  compari¬ 
sons  of  field  densities  on  unscalped  material  with  unadjusted  results  of 
the  laboratory  tests  on  scalped  material  are,  of  course,  subject  to  con¬ 
siderable  error. 

19.  Comoarisons  of  field  and  laboratory  compaction  data  for  the 
Hopkinton-Everett  sand  (SP),  the  West  Thompson  sand  (SW),  and  the  Painted 
Rock  sandy  gravel  (GW)  used  in  the  WES  laboratory  investigations  described 
in  Part  II  are  discussed  in  paragraphs  52-70. 

50.  Fig.  15  shows  the  ranges  of  field  densities  for  each  project 
expressed  in  percent  of  laboratorj'  density  values  reported  by  the  Divisions 
and/or  Districts  and  grouped  according  to  method  of  compaction  and  soil 
tjpe.  Gradation  of  mterials  ranged  from  sandy  gravels  to  silty  Scind, 
and  projects  within  eacli  compaction  test  group  ai’e  arranged  in  the  order 
of  bereasing  coarseness  of  material.  In  general,  three  principal  methods 
W'To  used  by  the  Coi-ps  offices  in  compaction  tests  on  cohesionless 
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Field  densities  as  percent  of  laboratory  densities 


materials — standard  impact  compaction,  modified  impact  compaction,  and 
Providence  vibrated  density.  In  some  cases,  variations  of  the  ing^act  and 
Providence  procedures  were  being  used;  these  include  rodding  the  specimen 
and  pounding  the  mold  with  sledge  hammers  or  other  heavy  objects.  As 
shown  in  fig.  15,  field  compaction  was  accomplished  with  a  wide  variety  of 
equipment:  rubber-tired  rollers,  tractors,  sheepsfoot  rollers,  grid 
rollers,  steel-wheel  rollers,  hauling  equipment,  and  vibrating  equipment. 

51.  For  the  data  shown  in  fig.  I5,  the  ratios  of  field  densities  to 
corresponding  laboratory  densities  had  the  least  spread  when  the  Providence 
vibrated  density  procedure  was  used.  Corresponding  field  densities  ranged 
from  90  to  i04  percent  of  the  Providence  vibrated  densities,  whereas  with 
the  other  methods  the  range  of  field  densities  in  terms  of  laboratory 
results  was  much  broader,  ranging  from  82  to  II5  percent.  Field  densities 
expressed  as  percentages  of  laboratory  densities  showed  no  consistent 
relations  with  field  compaction  procedures,  maximum  particle  sizes,  or 
gradation  analyses. 

Comparison  of  Laboratory  Test  Results  with 
Field  Data  on  Materials  Tested  at  WES 


52.  As  previously  stated,  one  objective  of  this  investigation  was 
to  determine  a  laboratory  compaction  test  procedure  that  will  produce 
densities  that  can  be  achieved  economically  in  the  field  with  conventional 
field  compaction  equipment  and  at  which  the  soil  will  have  satisfactory 
engineering  properties.  The  following  paragraphs  present  field  compaction 
data  on  the  Hopkinton-Everett  sand  (SP),  West  Thompson  sand  (SW),  and 
Painted  Rock  sandy  gravel  (GW)  and  a  comparison  of  the  densities  obtained 
in  the  laboratory  with  densities  measured  in  the  field  on  materials  with 
gradations  similar  to  those  of  the  materials  used  in  the  laboratory  tests. 
Hopkinton-Everett  sand  (SP) 

53*  The  sand  (SP)  used  in  the  WES  laboratory  investigation  was  ob¬ 
tained  from  borrow  area  D,  which  was  used  for  the  construction  of  dike  P-1 
at  the  Hopkinton-Everett  project.  Construction  control  data  for  lii.e  P-1 
furnished  by  the  New  England  Division  (NED)  included  description  of  the 
methods  of  field  compaction  and  density  sampling  and  the  results  of  135 
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field  density  determinations,  135  Providence  vibratory  density  tests,  97 
gradation  tests,  and  7^  one-point  standard  impact  determinations.* 

54.  Dike  P-1,  which  contains  approximately  254,000  cu  yd  of  mate¬ 
rial,  consists  of  a  large  pervious  section  with  an  upstreeun  inclined 
in5)ervious  zone.  The  material  used  in  the  dike  was  excavated,  hauled, 
and  spread  with  l8-cu-yd  scrapers.  The  scrapers  spread  the  material  in 
2-  to  4-in.  layers  until  a  9-  to  12-in.  loose  lift  had  been  attained. 
Additional  spreading  was  accomplished  with  graders .  The  material  was 
wetted  to  a  saturated  condition  ( defined  as  the  presence  of  free  water  in 
the  iii5)rints  of  vehicle  tires)  by  sprinkling  from  two  motorized  watering 
units  that  operated  continuously  during  placement  and  coiig)action .  Ap¬ 
proximately  l8  gal  of  water  was  placed  for  each  cubic  yard  of  fill.  In 
general,  material  for  the  pervious  section  was  placed  during  rainy  weather 
when  the  impervious  fill  could  not  be  worked.  Compaction  of  the  pervious 
material  was  accoitplished  by  four  or  six  coversiges  of  the  9-  to  12-in. 
lifts  with  a  50-ton,  4-wheel,  rubber-tired  roller,  using  85-psi  tire 
pressure. 

55*  Field  density  tests  were  performed  on  material  one  lift  below 
the  surface  using  the  water  balloon  method.  Providence  vibrated  density 
tests  were  performed  on  ovendry  material  obtained  from  each  field  den¬ 
sity  sample,  and  the  resulting  density  was  conpared  with  the  measured  in- 
place  density  to  determine  percent  compaction.  Sanples  of  material  also 
were  taken  from  locations  adjacent  to  the  point  at  which  field  density 
tests  had  been  conducted  for  a  one-point  standard  effort  compaction  test 
to  obtain  data  for  comparison  with  stsuideurd  effort  compaction  test  curves 
and  to  provide  information  relating  percent  compaction  at  field  moisture 
versus  percent  conpaction  based  on  the  Providence  test.  The  one-point 
compaction  tests  were  performed  on  the  minus  No.  4  fraction,  while  the 
Providence  test  was  performed  on  the  totsil  sample. 

56.  The  maximum  particle  sizes  of  the  97  field  density  samples  on 
which  gradation  data  were  obtained  ranged  up  to  I-I/2  in.,  and  particle 


*  A  single  density  determination  made  by  applying  standard  im^^act  com¬ 
paction  on  material  at  field  water  content. 
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size  distribution  varied  o'l’er  a  fairly  wide  range.  In  comparing  WES 
laboratory  densities  with  field  densities,  only  data  on  field  samples 
whose  particle  size  distributions  were  comparable  to  those  of  the  sand 
supplied  for  the  WES  tests  were  used.  There  were  only  ju3  of  the  97 
field  density  samples  with  similar  gradations.  The  gradation  of  the  sand 
used  in  the  WES  laboratory  tests  is  shown  in  fig.  1  by  curve  number  3j  and 
the  gradation  range  for  the  13  field  density  sajt^iles  selected  for  compari¬ 
son  is  shown  by  the  hatched  area. 

57-  The  data  for  the  field  samples  are  shown  in  table  11.  These 
data  are  listed  in  groups  in  order  of  increasing  compaction  effort,  and 
within  groups  in  the  order  of  increasing  percent  passing  the  No.  4  sieve. 
The  field  densities  of  the  13  samples  ranged  from  106.8  to  125.5  pcf  and 
averaged  116.6  pcf.  Both  of  the  widely  separated  end  veLLues  were  deter¬ 
mined  on  fill  from  an  area  that  received  the  lowest  field  compaction  ef¬ 
fort  (four  passes  over  a  12-in.  loose  lift);  the  three  density  determina¬ 
tions  in  this  area  averaged  114.3  pcf.  The  field  densities  for  the  seven 
samples  compacted  by  six  passes  over  a  12-in.  loose  lift  ranged  from  113.1 
to  124.2  pcf  and  averaged  116.2  pcf;  the  densities  of  six  of  the  samples 
were  within  +2.3  and  -2.4  pcf  of  this  average.  The  field  densities  of 
the  three  samples  at  the  highest  field  compaction  effort  of  six  passes 
over  a  9-in.  loose  lift  ramged  from  118.1  to  122.8  pcf  and  averaged  119.8 
pcf,  with  a  maximvun  difference  of  about  5  pcf.  Fig.  16  is  a  plot  of  field 
densities  versus  densities  determined  by  Providence  vibrated  density  tests 
conducted  on  the  sample  material  by  NED.  The  plot  shows  that  the  field 
densities  averaged  about  3  pcf  less  xhan  those  of  the  Providence  tests. 

58.  In  an  attempt  to  find  reasons  other  than  variations  in  coupac- 
tion  efforts  for  the  wide  variations  in  field  densities,  comparisons  were 
made  of  dry  density  versus  water  content,  percent  of  minus  No.  200  mate¬ 
rial,  uniformity  coefficient,  percent  sand  sizes  (No.  4  to  No.  200);  and 
grain  size  for  various  percentage  fractions.  No  relation  appeared  to 
exist  between  density  and  any  of  these  parameters,  with  one  possible  ex¬ 
ception  as  indicated  in  fig.  17  where  there  appears  to  be  some  tendency 
for  density  to  decrease  with  increase  in  percent  passing  the  No.  200 
sieve . 
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Fig.  16.  Field  versus  PVD  densities, 

Hopkinton-Everett  sand  (SP) 

59«  Fig.  17  shews  that  the  average  density  of  the  I3  Providence 
vibrated  density  tests  performed  by  NED  on  field  density  samples  was 
about  3  pcf  hig)ier  than  the  average  in-place  density.  The  MPVi),  .MVT, 
and  GC  (at  60-psi  pressure  and  P-deg  angle  of  Q/ration]  tests  conducted 
by  WES  produced  densities  within  i-l/P  pcf  cf  the  average  in-place  den¬ 
sity,  but  the  material  used  in  the  WES  tests  had  only  a  third  a.-:  nuch 
minus  No.  POO  material  as  the  average  in-place  soil,  and  this  nay 

affect  the  validity  of  direct  comparison. 
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WES  LABORATORY  TESTS: 

PVO  A  PROVIDENCE  VIBRATED  DENSITY 
MPVD  •  MODIFIED  PROVIDENCE  VIBRATED  DENSITY 
VT  •  VIBRATING  TABLE 
WVT  •  MODIFIED  VIBRATORY  TABLE 
STO'O  •  STANDARD  IMPACT  ON  DRY  MATERIAL 
ST0-1S%  •  STANDARD  IMPACT  ON  MATERIAL  WITH  W  =  1S% 

GC-*0^*  •  GYRATORY  COMPACTOR,  60  PSI  PRESSURE,  2*  ANCLE  OF  GYRATION 
O  field  in-place  data  (SEE  TABLE  11  FOR  SP.  TABLE  12  FOR  SW) 

A  FIELD  PVD  DATA  (SEE  TABLE  11  FOR  SP,  TABLE  12  FOR  SW) 
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Fig.  17.  Dry  densities  %*er5us  percent  passing  No.  200  sieve, 
HopKinton-Everett  sand  (SP)  and  West  Tlios^json  sajid  (SW) 


West  Thoiapson  Dam  sajid  (SW) 

60.  The  seind  (SW)  used  in  the  WES  laboratory  investigation  was  ob¬ 
tained  from  borrow  area  C,  a  terrace  deposit,  which  was  compacted  in  the 
pervious  zone  downstream  of  the  impervious  zone.  Field  compaction  control 
data  furnished  by  IM)  contained  results  of  lU  field  density  tests  on  sand 
having  gradations  similar  to  those  of  the  sand  used  in  the  WES  laboratory 
tests;  data  on  these  l4  field  density  tests  were  compared  with  data  from 
the  WES  laboratory  tests  on  the  sand  (SW)  and  are  summarized  in  table  12. 
The  range  in  gradation  of  the  lU  field  density  samples  is  compared  in 
fig.  1  with  the  gradation  of  the  sand  used  ii  the  WES  laboratory  tests. 

61.  The  sand  used  in  the  pervious  :one  was  excavated,  hauled,  €ind 
spread  in  approximately  4-in.  layers  by  l6-cu-yd  scrapers  until  an  8-in. 
loose  lift  was  attained.  Additional  spreading  of  the  material,  as  neces¬ 
sary  was  accomplished  using  a  grader.  Moisture  control  was  not  required, 
and  compaction  was  accomplished  by  three  coverages  of  a  50-ton  pneumatic 
roller  with  tire  pressures  of  95  psi  towed  by  a  D-8  crawler  tractor  at 
speeds  of  3  to  4  mph.  Field  densities  were  determined  using  the  water 
balloon  method  on  material  below  a  depth  of  6  in ,  beneath  the  compacted 
soil  surface.  The  volume  of  the  density  hole  was  generally  in  excess  of 
l/lO  cu  ft.  Gradations  and  water  contents  were  determined  for  the  total 
density  samples.  Providence  vibrated  density  tests  were  generally  per¬ 
formed  on  the  material  from  each  field  density  test  to  determine  the  per¬ 
cent  compaction.  When  the  gradation  of  the  field  density  sample  was  the 
same  as  that  of  a  sample  on  which  a  Providence  density  test  had  previously 
been  performed,  the  percent  compaction  was  estimated  using  the  density 
value  from  the  previous  test. 

62.  The  data  from  the  field  density  samples,  shown  in  table  12,  are 
listed  in  order  of  increasing  percent  passing  the  No.  4  sieve.  The  field 
densities  of  the  l4  samples  rtmged  from  114.5  to  125.5  pcf  and  averaged 
118.9  pcf.  The  maximum  particle  size  was  1-1/2  in.,  and  the  percent  of 
minus  3/4-iri.  material  ranged  from  96  to  98.  The  percent  of  minus  No.  4 
material  ranged  from  77  to  87>  and  the  percent  of  minus  No.  20C  material 
ranged  from  1  to  5-  The  reason  for  the  wide  range  in  field  densities  is 
not  known,  although  a  number  of  factort;,  such  as  nonuniform  coverage  by 
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equipment  and  variations  in  material  gradation  and  moisture  content, 
could  have  contributed  to  the  density  variations. 

63.  Fig.  17  shows  that  the  densities  produced  by  the  MPVD,  MVT, 
and  GC  (at  6o-psi  vertical  pressure  and  2-deg  angle  of  gyration)  tests 
at  WES  differed  within  a  range  of  only  0.7  pcf .  The  average  density  of 
these  three  tests  (II8.6  pcf)  was  only  0.3  pcf  less  than  the  average  in- 
place  density  of  the  l4  representative  field  test  densities. 

Sandy  gravel  (GW), 

Painted  Rock  Dam,  Arizona 

64.  The  sandy  gravel  used  in  the  WES  laboratory  tests  was  obtained 
from  the  pervious  borrow  area  that  was  che  source  of  material  for  con¬ 
struction  of  the  zone  IV  pervious  sections  of  Painted  Rock  Dam.  Informa¬ 
tion  furnished  by  the  Los  Angeles  District  on  material  similar  in  grada¬ 
tion  to  that  used  in  the  WES  laboratory  tests  included  the  results  of 
three  VT  tests,  one  large-scale  field  density  determination,  and  data  on 
routine  field  density  control  tests.  These  data  are  summarized  in 
table  13. 

65.  Painted  Rock  Dam  contains  approximately  7,000,000  cu  yd  of  pri¬ 
marily  pervious  material  with  impervious  material  in  a  central  core  sec¬ 
tion.  During  construction,  pervious  material  similar  to  the  sandy  gravel 
used  in  the  WES  tests  was  prewetted  in  the  borrow  area,  excavated,  and 
placed  in  zonr  r/  of  the  embankment  in  24-in.  layers.  Compaction  was  ob¬ 
tained  with  four  passes  of  a  50-ton  rubber-tired  roller. 

66.  As  part  of  the  design  of  Painted  Rock  Dam,  maximum  density 
tests  were  performed  in  the.  South  Pacific  Division  (SPD)  Laboratory  on 
samples  :f  the  pervious  material.  The  maximum  density  was  determined  by 
vibrating  a  completely  saturated  specimen  in  a  cylindrical  mold  under  a 
surcharge  prei-purc  of  approximately  1  psi,  using  vibration  apparatus 
sj’-ilar  tc  that  used  in  the  WES  laboratory  tests.  Mwimum  densities  of 
127,  135,  and  136  pcf  were  obtained  in  these  tests  on  samples  of  zone  IV 
sandy  gravel  having  gradations  similar  to  those  of  the  sandy  gravel  tested 
in  the  WES  laboratory. 

67.  In  the  large-scale  field  density  test  in  zone  IV,  401.5  lb 
(dry  weight)  of  material  was  removed  from  an  excavated  hole.  The  volume 
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of  the  excavation  was  measured  using  calibrated  sand  in  a  msinner  similar 
to  the  conventional  sand  cone  density  method.  The  dry  density  of  the  total 
sample  was  ikZ.^  pcf.  The  total  sample  contained  11  lb  (approximately  3 
percent)  of  plus  3-in.  material  and  122  lb  (approximately  30  percent)  of 
plus  1-in.  material.  Densities  of  142.5  and  134.4  pcf  were  computed  for 
the  minus  3-in.  fraction  and  the  minus  1-in.  fraction,  respectively,  as¬ 
suming  a  specific  gravity  of  2.65  for  the  oversize  material. 

68.  Routine  field  density  tests  were  conducted  using  the  sar-’  cone 
density  method.  The  dry  weight  of  each  field  density  sample  averaged 
about  16  lb.  The  water  content  and  percent  material  retained  on  the 

No.  4  sieve  Euid  passing  the  No.  200  sieve  were  determined  for  each  field 
density  saiiq[)le. 

69.  Fig.  18  conpares  the  densities  and  gradations  of  76  field  com¬ 
paction  c  atrol  tests  on  fill  material  similar  to  the  WES-tested  material 
with  the  densities  obtained  by  the  Los  Angeles  District  in  vibratory  table 
tests  and  with  densities  and  material  gradation  of  the  WES  tests. 

70.  Bie  WES  VT  and  MPVD  tests  produced  densities  within  1.2  pcf  of 
the  50-percent  field  density  value  (139  pcf)  for  the  76  samples.  However, 
the  three  SPD  vibratory  table  tests  gave  densities  from  3  to  12  pcf  lower. 
The  WES  STD  test  usirig  a  10-lb  rammer  and  GC  tests  using  100-psi  pressure 
and  2-deg  gyratory  angle  produced  densities  about  3*5  pcf  higher  than  the 
average  density  of  the  76  samples. 
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PART  IV;  CiONCLUSIONS  AMD  RECOMMENDATIONS 


71.  A  valid  comparison  of  laboratory  versus  field  density  data 
could  not  be  made  because  a  statistically  significant  number  of  paired 
observations  was  not  available  at  the  time  this  study  was  made.  Much 
field  compaction  data  on  pervious  fills  have  been  accumulated  since  that 
time.  The  results  of  these  field  density  tests  should  be  con5)ared  sta¬ 
tistically  with  the  results  of  companion  laboratory  control  density  tests 
for  the  pervious  fills  being  placed  in  Corps  of  Engineers  projects. 

72.  The  wide  range  of  density  values  in  replicate  tests  on  the 
sandy  gravel  (GW)  with  2-l/2-in.  maximum  size  indicates  the  difficulty 
of  placing  well-graded  material  with  large  particle  sizes  into  test  molds 
in  a  consistent  manner. 

73.  The  flexibility  of  the  gyratory  compactor  in  reproducing  desired 
density  values  within  close  limits  offers  certain  advantages.  There  is  no 
question  but  that  the  gyratory  compactor  can  be  made  to  produce  any  de¬ 
sired  density  up  to  and  above  those  attained  by  the  other  compaction 
methods.  A  definite  need  exists  for  further  study  to  develop  an  optimum 
procedure  for  the  gyratory  compactor  to  produce  densities  matching  desired 
field  densities  for  various  granular  materials.  Emphasis  should  be  placed 
on  a  procedure  utilizing  a  higher  gyratory  angle  (say  2-1/2  deg),  a  realis¬ 
tic  pressure  (say  100  psi),  and  a  minimum  nmber  of  revolutions,  with 
degradation  effects  no  greater  than  those  found  in  the  field. 

74.  Of  the  test  methods  investigated  in  this  study,  the  highest 
densities  were  obtained  with  the  MPVD  method.  The  next  highest  den¬ 
sities  were  obtained  with  the  MVT  method,  tdiich  produced  densities  that 
averaged  1  to  2  pcf  less  than  those  of  the  MFVD  method.  Since  the  re¬ 
producibility  of  results  using  either  method  is,  quite  good,  their  use 
for  field  control  testing  is  Justified.^ 


*  Since  this  s'u^ey,  tlie  vibratory  table  method  (or  when  its  use  is  not 
feasible,  the  modified  Providence  vibrated  density  method)  has  been  spe¬ 
cified  for  determining  the  maximum  density  of  cohesiorJ.es8  materials 
(see  Headquarters,  Department  of  the  Army,  op  cit.,  p  6). 
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of  WES  Gyratory  Coapactlon  Teats,  Hopklnton-Everett  Sand  (SP) 
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guanaary  of  WES  Compaction  Test  Densities.  Hopkinton-Everett  Sand  (SP) 
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Table  6 

Sujnmary  of  WES  Compaction  Test  Densities,  West  Thompson  Sand  (SW) 


■a 

-tJ  ?- 
bO  c 
«  V  Q 
u  u  > 

(U  a 

>  0)  S 
<  0< 


qj  iM 

W 

a  3 

h- 

• 

CO 

» 

V  u 

00 

00 

CO 

00 

a  \ 

pH 

pH 

pH 

pH 

>  ^ 
c  -t 

tu 

•H 

pH 

pH 

pH 

O 

C  <H 
a 

3 

a  y 

u* 

tc 

• 

<n 

00 

0) 

•h  \ 
<w  X> 

eo 

o 

d 

pH 

0  3 
•rt  fH  O 
n  \ 

C  J3 

Si 


t)  8 
M  0  3 

a  h  u 
«  6.  \ 
ae  JO 


to 

o 

CO 

• 

• 

« 

• 

o 

00 

lO 

a> 

Cl 

pH 

pH 

pH 

•H 

pH 

h* 

•  •  • 

«  ^  h* 


CO  n  CO 


0  U  ^ 

^  m 
*  >>  ® 

A  10  w 

H  *  «  •2 

i«  c  S 

•H  c»  ® 

X 


§ftl  h 

h  0 

■H  3  u 

*>  •  0) 

U  «  (. 

a 

“ 

O  M 

y  .-4  t) 

«  ■a 

>.  y  r 


«  M  to 

C  C 

>»  a  « 

u 

0  >»  >. 

"  ^  Vi 

a  o  o 


to  w 
»  » 


Jj  CM  TJ  -o 

O  v>  \  I  I 


Three  different  operators  on  each  type  of  test 


Table  7 

ot  WKt>  Teata  (Excepting  Gyratory),  Painted  Rock  Saady  Gravel  (GW) 
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Table  8 

Stunmary  of  TffiS  Gyratory 


Compaction  Tests,  Painted  Hock  Sandy  Gravel  (GW) 
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(1)  Mlnua  3/4"ln.  material  with  replacement 

(2)  Number  of  revolutiona  at  which  density  was  selected  for 

comparison 

(3)  Density  at  which  next  100  revolutions  produced  only 

l“lb/cu  ft  increase 

(4)  Free  water  lost  during  compaction 
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Notes:  (1)  Data  grouped  in  order  of  Increasing  percent  passing  No.  4  sieve 

(2)  Field  coapactiOQ  using  50-ton  pneuMtlc  roller:  three  passes  over  8-ln.  loose  lift 

(3)  Providence  vibrated  density;  est  =  estimted  fron  previous  test  on  sane  gradaticm 


